The reduction of metal oxides by carbon monoxide is a very significant reaction in metallurgical and chemical industries. In current study, a kinetic model describing the reduction reaction of metal oxides by CO has been developed. The model is in the analytic function of parameters such as temperature, radius of the particle, CO content, density of metal oxides and time, which is, therefore, convenient for usage and theoretical analysis. The developed model can be applied to describe the reduction kinetics of metal oxides under both isothermal and non-isothermal conditions. Particularly, it can be used to describe the kinetics of both single reduction reaction (single reaction interface) and dual reduction reactions (double reaction interfaces, such as, the reduction of Fe 2 O 3 to FeO with Fe 3 O 4 being the intermediate product) as well. Application of the developed model to practical systems validated that its predicted values agreed very well with the experimental data in literatures.
Introduction
The reduction of metal oxides with carbon monoxide is a very common and significant reaction in metallurgical and chemical industries. For instance, the reduction of iron ores in the upper part of blast furnace, the gas-based reduction of ores in the shaft furnace, the reduction of molybdenum oxides, manganese ores, nickel oxides or other metals oxides by carbonaceous reducing agents, all of these reductions are involved in the CO reaction. [1] [2] [3] [4] [5] [6] [7] Moreover, with the increase of environmental protection requirements for iron and steel production, 8) the CO reduction attracts the extensive attention and needs to be further studied.
The mathematical modeling of CO reduction process is important in order to interpret laboratory data and in design and scale-up, and it will help to define the operating parameters and to get a better control of the reduction process. A number of valuable kinetic models which describe the gassolid reaction have been proposed in literatures, such as the nucleation and growth model, [9] [10] [11] Fruehan's model, 12 ) the sharp interface model, [13] [14] [15] the volume reaction model. [16] [17] [18] Rao's group 19, 20) have investigated the intrinsic rate of reduction metallic oxides and examined the influence of pore diffusion of gaseous species on the shape of the growing nucleus, and modeled the reduction of hematite with CO 2 and CO gases as the reacting intermediates. Tien and Turkdogan 21) reported a mathematical analysis of gaseous reduction of iron oxides with considering the partial internal reduction of the porous oxide and gas diffusion in the porous iron layer. Szekely and Evans 17) presented a structural model for the reaction of porous oxides, and the model incorporated some structural parameters, such as grain size, porosity. A random pore model was developed by Bhatia and Perlmutter, 22) which allowed for arbitrary pore size distributions in the reacting solid and took into account the intersection of the pores as reaction proceeded. Ramachandran and Smith 23) proposed a model by considering the effect of sintering on the rate of reaction and the model accounted for the influence of pore diffusion, diffusion through the product layer which built upon the pore walls, and surface reaction. By focusing attention on one pore, it is possible to include the effects of the changes in pore geometry that occur during reaction. Park and Levenspiel 24) proposed the crackling core model to account for the sigmoidal behavior plots. In this model the reaction was assumed to occur in two steps: the first stage was a physical transformation of solid reactant from a nonporous structure to a more reactive porous structure which then underwent the second step reaction. Mondal et al. 4) studied the reduction of iron oxide in CO atmosphere and a kinetic model based on the first-order irreversible rate kinetics was developed with taking several reactions into account. However, the physical parameters were not incorporated into this model.
In general, the methods for analysis of the gas-solid reaction kinetics can be classified into two categories. One is the semi-empirical method, which includes Jander model, 25) Cater model 13) and Ginstling-Brounshtein model, 26) etc. This method has the advantage of mathematical simplicity, however, the physical meaning of parameter "k" is not clear. The other one is the method of solving differential equations. Although these models of solving differential equations incorporate the structural parameters of the system, which are more precise consequently, these formulae are always complicated, not analytic with a form of explicit function and difficult to obtain the numerical solutions. During the oxidation or reduction of polyvalent metals or their oxides, more than one reaction interfaces usually exist distributed along the radial direction (because gases are reacting with the underling metal oxide) in the specimen, 27, 28) which will then add much more difficulty to the analysis. In addition, the kinetic study of the reduction of polyvalent metal oxides with considering the multiple reaction interfaces is very limited.
Therefore, the purpose of the present work is to develop a kinetic model, which can be used to describe not only the isothermal and non-isothermal reduction reactions, but also the reduction process involved in single or dual reactions. These formulae proposed in this study are analytic with a form of explicit function as well and enable the easy performance of a theoretical analysis.
Reduction Mechanism of Metal Oxides by CO
Firstly, it is assumed that 1) the raw metal oxides are nonporous; 2) all the metal oxides are spherical particles; 3) these particles have a uniform diameter, and the diameter remains constant during the reduction. To simplify the analysis, the reductive process is assumed to be composed of eleven steps. 29) i) Carbon monoxide in the bulk gas phase diffuses into the gas boundary layer. ii) Carbon monoxide in the boundary gas layer diffuses to the surface of metal oxides particles. iii) Diffusion of carbon monoxide through the porous product layer to the reaction interface. iv) Physisorption of CO molecules. v) Chemisorption of carbon monoxide molecules at the interface. vi) Chemical reaction on the metal oxides/product layer interface.
where M represents metals, α represents metal oxides, β represents the product phase. The chemical reaction process can also be divided into the below six sub-steps. a) Motion of MO, CO molecules; b) Formation of M-C-O activation complex; 30) c) Breaking of the chemical bond between M and O; d) Formation of the new chemical bond between C and O; e) Accompanying formation of porous product layer; f) Accompanying migration of the reaction interface. vii) Chemical desorption of carbon dioxide molecules. viii) Physical desorption of carbon dioxide molecules. iX) Carbon dioxide diffuses through the porous product layer to the surface of the particle. X) Carbon dioxide diffuses into the gas/particle boundary layer. Xi) Carbon dioxide diffuses to the bulk gas phase. Generally, the chemical reaction at the reacted interface or gas diffusion in the product layer is the controlling step, 31, 32) and this mainly depends on the substance, reaction, reaction temperature, particle size and even gas concentration. Taking particle size as an example, the particle size can influence the reduction mechanism. If the size of raw material is large enough, the reduction mechanism will change during the reduction. For example, for CO reduction of iron oxide pellet (large than 1 cm), in the initial stage the reduction is a mixed controlled type system (chemical reaction and internal gas diffusion are competing processes) while the internal gas diffusion becomes the rate controlling step during the last stage of the reduction process. 33) For simplify the models, step (iii) or (vi) as the controlling step is discussed in this study (the formula for step (iX) controlling the overall process is identical with that for step (iii)), and it is also assumed that the rate-controlling process is not changed during the reduction.
The Theoretical Model of Single Reaction
Two types of reduction mechanism are taken into consideration for single reaction: chemical reaction controlling mechanism, and gas diffusion controlling mechanism. Figure 1 shows the spherical particle of metal oxides, where x is the thickness of the product layer, R 0 is the radius of the particle, and r represents the unreduced metal oxides. Because the raw material is assumed to be nonporous, the CO reduction obeys the core-shrinking mechanism and a product layer will be formed in the outside of the unreduced metal oxides. 34, 35) The reduction extent ξ at radius r can be determined in terms of the following equation: where K r f and K r b are the defined reaction rate constants. The overall reaction rate per unit area of Eq. (1) is given by
Chemical Reaction Controlling Mechanism
Since the reduction process is controlled by the interfacial chemical reaction, thus diffusion resistance in the product layer and other steps become negligible, therefore The equilibrium constant of reaction (1) is
Substituting (9) into Eq. (6), it becomes
The radial growth rate of α should be proportional to the overall reaction rate, v r , namely (11) where M and ρ are the molecule weight of metal oxides and density of metal oxides, respectively. Combining Eqs. (3), (10) and (11) yields
Integrating the above equation with the initial condition of ξ = 0 when t = 0, after arrangement, gives
... (13) where
is a constant independent of temperature; ΔE app is the apparent activation energy. If the reductant is pure CO, CO 2 concentration in the bulk can be very low. Therefore, Eq. (13) can be simplified as
In the practical production, most metals oxides are reduced under the non-isothermal condition, for example, the iron ores reduction in shaft furnace, in which the temperature of iron oxides increases during the reduction because of the descending of the burden and the ascending of gas. Even in one particle, the temperature is different resulting from the endothermic and exothermic reaction. Hence, it is significant and necessary to establish the non-isothermal reduction kinetic model. The simple case of increasing temperature (ramped temperature) with a constant rate η is considered in the present study. The relation of temperature T with time t is given as Eq. (15 (15) where T 0 is the initial temperature.
Substituting Eq. (15) into Eq. (14), the relation of the reduction extent with temperature will be expressed as
Diffusion in the Porous Product Layer Controlling
Mechanism In the case of diffusion in porous product layer controlling, the radial growth rate of α should be proportional to the flux of CO, J CO β , namely
. (17)
Based on the Fick's first law, the flux of CO can be written as
where D CO β is the diffusion coefficient of CO in β phase; Combining Eqs. (3), (17) and (18) 
where D CO 0β is a constant independent of temperature; P CO eq is the CO content in equilibrium.
For non-isothermal reduction, substituting Eq. (15) 
The Theoretical Model of Dual Reactions
For the reduction of polyvalent metal oxides (such as the reduction of magnetite, tungsten trioxide and molybdenum trioxide), two or three reactions always take place simulta-neously, therefore, more than one reaction interfaces always exist in the specimen. Thus, it is difficult and imprecise and even incorrect to use one interface model describing this type of reduction. In order to obtain more accurate results and to treat the practical problem more rigorously, the dualreaction interfaces model as an example is developed in this study, and the model of triple-reaction interfaces is similar with that of dual interfaces. For the system of dual reactions occurring simultaneously, the product of the first reaction is the reactant of the second reaction. There are two cases:
1) The rate of the first reaction is larger than that of the second reaction, and two reaction interfaces coexist in the particle each linked to one of the reactions. The overall reduction extent can then be expressed as a linear addition function of the ξ 1 and ξ 2 with corresponding weighting. ξ 1 represents the reduction extent of the first reaction; ξ 2 represents the reduction extent of the second reaction. For a specific reaction, the reduction extent was calculated by 2) The rate of the first reaction is less than that of the second reaction, and in this case, the kinetic model should be identical with single reaction because there is only one interface.
Chemical Reaction Controlling Mechanism
If the controlling steps for the dual reactions are all chemical reaction, combining Eqs. (13) and (22) 
Mixed Controlling Mechanism
If the first reaction is controlled by the chemical reaction, and the second reaction is controlled by the diffusion of CO in the product layer, the kinetic model can be obtained by Eqs (13) , (20) and (22), as shown by Eq. (25) . 
Diffusion in Product Layer Controlling Mechanism
When all the dual reactions obey diffusion controlling mechanism, the kinetic formula is derived as Similarly, under non-isothermal condition, the formula becomes 
Application Scope of the Developed Model
To simply the model, only mass transfer and chemical reaction are considered in this work but without discussing heat transfer. Therefore, the model is just appropriate for the reduction of powders and small pellets, or large pellets of which heat transfer is not the controlled step. 33) In general, at low temperature, the reduction usually obeys the nucleation and growth mechanism, and at high temperature, the reduction may obey solid state ion diffusion due to sintering, therefore, the derived formulae can mathematically model the reduction reaction taking place at moderate temperatures. Although the detailed temperature depends on the reactions and metal oxides, these values can be confirmed for some reactants, for example, for hematite, the application scope of temperature is in the range of 873 to 1 473 K, 36, 37) for manganese ore, the application scope of temperature is in the range of 973 to 1 373 K. 5) Regarding the gas pressure range of applicability, the total pressure should be 1 atm, but the gas content can be any value from low content (close to 0) to high content (100%).
It is assumed that the raw particles before reduction are nonporous and have same density. So, if the studied powders before reduction are nonporous, the model does not work. For the porous pellets, the reduction is much complex. But in limiting case, this model does still work, because the pellet can be regarded as composing of a large amount of fine particles with same diameter.
Chemical Reaction Controlling
If the diffusion resistance of pores among fine particles can be neglected, chemical reaction would control the overall reduction. Thus, the concentration of CO in the pellet is uniform. In general, fine particles can be regarded as nonporous, and the reduction process can be expressed as Fig. 2 . Consequently, for each fine particle, the reduction kinetics can be described by Eq. (13) , and the only difference is that R 0 represents the radius of fine particles.
Diffusion Controlling
Conversely, if the resistance of chemical reaction can be neglected, the gas diffusion will control the overall reduction process. This type of reduction includes two different cases:
1) The gas diffuses slowly in the interspace among fine particles, but diffuses fast in the porous production layer. In this case, the apparent interface appears in the pellet as shown in Fig. 3 . The kinetic formulae are completely consistent with those obtained in previous sections 3 and 4.
2) The gas diffusion rate in the interspace among fine particles is much larger than that in the production layer. For this type of reduction, the reaction process is similar with that described by Fig. 2. 
Application of the Model
The obtained model can be applied in two ways: 1) the formulae can be used to fit the experimental data, and the controlling step can be obtained based on the better fitting results; 2) if the controlling step and all the parameters are known, the reduction extent can be calculated according to the formulae.
Single Reaction Model
The developed model is in the analytic function of parameters such as temperature, radius of the particle, density, gas content and time. Therefore, it is convenient for usage and theoretical analysis. For instance, the effects of temperature and CO content on the reduction extent can be developed from the model.
The Effect of Temperature
Gao et al. 38) have experimentally investigated the CO reduction of ferruginous manganese ore (contains 12.7 wt-% Fe), using a Cahn-balance system. The original manganese ore was first milled to less than 1 mm and sieved. The total flow rate of reducing gas consisting of CO and CO 2 , was maintained at 1.5 NL min
. The CO/CO 2 ratio of the gas mixture used ranged from 10:90 to 40:60.
The main reaction is Mn O s CO g MnO s CO g The typical results of reduction at several temperatures are shown in Fig. 4 (dotted lines) . Both Eqs. (13) and (20) (31) gives a better prediction. The obtained kinetics formula is shown as Eq. (33) . At low temperature of 823 K, some deviations are observed, they are largely because the reduction obeys the nucleation and growth mechanism in the initial stage at low temperature. Other factors may also influence the results, for instance the experimental error, the not even particle size distribution. However, it can also prove that the obtained model can be used to predict the CO reduction of manganese ore. (30). The obtained reduction curves at several temperatures are shown in Fig. 6 (dotted lines). Similarly, both Eqs. (31) and (32) (31) can be obtained as shown in Fig. 6 (solid lines) . From the figure, it can be obtained that the developed model can well describe the experimental data although in the later stage of the reduction, especially at high temperatures, some errors exist, which may be caused by the sintering of samples. The obtained kinetics formula is shown as Eq. (34). 
The Effect of CO Content
For chemical reaction controlling mechanism, B p , which is a function of T and R, is defined (as Eq. (35)). B P will be constant as the temperature and the particle size are fixed. Gao et al. 38) also studied the CO content on the reduction kinetics of manganese ore (Mn 3 O 4 -MnO). Time-reduction extent curves for the reduction at different CO contents are given in Fig. 7 . Equation (36) is used to predict the kinetics curves, and the obtained results are shown in Fig. 7 (solid lines). It can be found that the predicted curves agree well with the experiment data except the curve for 10% CO (the reduction obeys the nucleation and growth mechanism at low CO content). The coincidence of the theoretical calculation results with the experimental data indicates that this theoretical analysis is reasonable.
Dual Reactions Model
Reduction of titanomagnetite concentrate by 50 vol% CO-Ar mixtures at various temperatures was investigated by She et al., 39) and the experimental data are shown in Fig. 8 (dotted lines) . It was reported that the reduction path is It is found that Eq. (37) can give a perfect prediction and the predicted results are shown in Fig. 8 (solid lines) . The reaction kinetics expression is , ΔE app = 40 kJ/mol and T = 973 K. Figure 10 shows the effect of the apparent activation energy (20 kJ/mol, 40 kJ/mol and 60 kJ/mol) on the reduction kinetics corresponding to the parameters B ΔE = 0.2, and T = 973 K. From the two figures, it can be obtained that both the particle size and the apparent activation energy affect the reduction curves significantly, but the influence of the apparent activation energy is more remarkable.
Conclusions
(1) The reduction mechanism of metal oxides by carbon monoxide was analyzed in this study and based on the reduction mechanism, the kinetic model was developed as well.
(2) The model can quantitatively describe the kinetics of single reduction and dual reductions under both isothermal and non-isothermal conditions. Particularly, these formulae are in the analytic functions of parameters such as temperature, radius of the particle, gas content, density of metal oxides and time, which is, therefore, convenient for usage and theoretical analysis.
(3) The applications of the model to practical systems show that the model can well describe the reduction kinetics of metal oxides by CO.
R 0 : radius of the original whole metal oxides particle (m) r: radius of the unreduced metal oxides particle (m) x: thickness of the product layer (m) ξ: reduction extent (-) ξ 1 : reduction extent of the first reaction (-) ξ 2 : reduction extent of the second reaction (-) t: time (s) α 1 , α 2 : coefficients depending on the oxygen loss of each single reaction (-) K eq : equilibrium constant (-) R: gas constant (J/(mol*K)) T: absolute temperature with Kelvin (K) 
